Abstract
Widmerpool Gulf is one of the basins in the carboniferous Bowland Hodder shale in Central Britain. The area of interest in the Widmerpool Gulf is the Bowland Shale Formation within the Upper Bowland. This paper focuses on evaluating the total organic carbon (TOC) from Rempstone 1 and Old Dalby 1 both penetrating the Bowland Shale Formation using Passey's delta Log R method. TOC is an essential property needed to have a productive shale gas play -accurate characterisation of TOC is critical in evaluating the potential of shale gas reservoirs because it closely relates to the amount of kerogen and therefore total gas content. Passey's method involves the use of well logs to obtain the organic richness i.e. TOC. It relies on the response of well logs to organic matter using an overlay of porosity logs and resistivity logs. Which causes a separation i.e. a delta Log R separation. The reasons for the delta Log R separation in an organic rich reservoir/non reservoir rocks is due to the presence of low density, high transit time kerogen and the presence of formation fluid i.e. oil, gas or water. Immature source rocks also observe a separation but only from the porosity log whilst non source rocks observe no separation. Rempstone 1 and Old Dalby 1 well logs were exported on Interactive Petrophysics to analyze the lithology of the intervals before been exported to Microsoft Excel to evaluate the parameters of Passey's equation to enable TOC determination. TOC estimates for the Upper Bowland Shale section in the Widmerpool Gulf and was found comparable to estimates obtained from British Geological Society (BGS) RockEval core analysis report. This method proved to be a suitable way of estimating the total organic carbon using simple well logs.
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Introduction
Shale reservoirs are described as unconventional reservoirs because commercial rates of hydrocarbons cannot be achieved without hydraulic stimulation. Shale is not a rock type rather it is a term widely used to describe rocks i.e. mudstones that contain extremely fine grains typically less than 4µm in diameter. Some shales could also contain different amount of silt size particles which are up to 62.5µm. However conventional sandstone rocks are composed of grains which can vary between 62.5µm and 2000µm in diameter . These shales contain a variety of mineral grains e.g. clay, quartz, feldspar, and heavy minerals like pyrite . The composition of these minerals will be more heterogeneous in mudstones compared to sandstones.
Adequate characterisation of a shale gas formation is needed to have a productive and commercial play. The work carried out by reported key properties necessary to have productive shale gas play are illustrated on (Table 1) . Passey's delta Log R method proposed by . The results will then be compared to laboratory core results to validate the study.
In this paper, mature source rocks consists of the rock matrix, solid organic matter, and the fluid type contained in the pore space . An immature source rock consists of the rock matrix, solid organic matter and water contained in the matrix . Non-source rocks consists of the matrix and formation water within the matrix.
Previous study using this method to evaluate TOC was carried out on the Jurassic Shales of the Weald Basin but no study was done on the Carboniferous Bowland Shale hence the need for this paper. 4. The baseline sonic and resistivity values were fixed for both wells at 70 and 7ohm-m respectively. The baseline sonic travel time was chosen arbitrarily as a minimum for both wells based on the sonic travel times across the specified intervals. This was because, it was impossible to determine the baseline intervals from the well log data. The challenge sometimes, in defining the baseline interval needed to implement Passey's method was also highlighted by .
The cut-offs applied by in the British Geological Society (BGS) Bowland study
for thermal maturity were also used in this paper i.e. Ro values greater than 0.6 indicates thermal maturity for oil and thermal maturity greater than 1.1
indicates thermal maturity for gas. Depths less than 1500m were also assumed to be immature for gas generation based on criteria.
Theory
The shale intervals considered in this paper were from Rempstone 1 These shales typically began as organic rich muds which are deposited in marine environments, in lakes, or in swamps and mires along sea or lake margins . The presence of organic matter make shales source rocks -source rocks like shales 1 contain appreciable amounts of organic matter, up to 50wt%, while non-source rocks also contains some organic matter but are not significant i.e. less than 1wt%
The amount of organic matter in a source rock is described as the total organic carbon content. The type of organic matter will determine what type of fluid can be produced or found in the source rock when burial and thermal maturation occurs (Table 4 ). Accurate characterisation of TOC is critical in evaluating the potential of shale gas reservoirs because it closely relates to the amount of kerogen and therefore the total gas content as organic content contains both adsorbed and free gas. . TOC along with thermal maturity and organic matter type are important parameters which determine whether a rock will be a good source rock. Not accounting for kerogen content (TOC) will result in a gross underestimation of porosity and hence gas content. Hydrogen to Carbon ratios and Oxygen to Carbon ratios are used to determine the type of organic matter in the form of the van Krevelen Diagram -though a good source rock should have high TOC (Table 3) , the more hydrogen associated with the carbon, the more hydrocarbon can be generated . were generally classified as containing Type II Kerogen . These shales are deposited in marine conditions and typically contain large quantities of uranium, which is a good indicator of organic richness. The high uranium content contributes to very high gamma ray intensity (> 200API was observed in the specified intervals of interest) in Type II shales). As hydrocarbons can be generated from these shales, they are described as source rocks -all the oil/gas trapped in conventional reservoirs around the world have been generated from these source rocks. For shale gas reservoirs, the gas is unable to migrate to conventional traps for various reasons:
 The ultra-low permeability nature tends to limit migration Thermal maturity represents an essential property necessary to identify a productive shale gas play. It indicates the maximum temperature reached by a source rock during burial over time as well as the thermal stress on the kerogen over time which controls the rate of organic matter transformation to hydrocarbons. "Vitrinite reflectance is the most common method of evaluating thermal maturity and is performed through microscopic inspection of kerogen and analysis of the reflectivity of the particles using a photomultiplier ".
Another method to evaluate thermal maturity is the RockEval Tmax which can be converted into a Vitrinite reflectance equivalent value (Equation 1).
(Equation 1)
'Ro values from 1.1 -3.5% are widely accepted as the 'gas window' (Figure 4 ) . Passey's method simply involves the use of well logs to obtain the organic richness.
It relies on the response of well logs to organic matter using an overlay of porosity logs and resistivity logs. This method showed that a combination of sonic curve and resistivity curve provided the best results as the sonic log is not severely affected by in-hole conditions compared to the density or neutron readings. An overlay of sonic and resistivity curve over a mature organic rich intervals causes a separation i.e. a delta Log R separation occurs (Equation 2) ( Figure 5 ). The delta Log R separation is directly proportional to TOC and is a function of maturity(Equation 3 and 4). This means that the separation can be converted to TOC providing the Level of Maturity (LOM) is known -the latter is dependent on estimating thermal maturity through Tmax or Ro (Equation 3).
( ) (Equation 2) (Equation 3) (Equation 4)
Prior to overlaying the curves, the curves need to be appropriately scaled such that 1 resistivity cycle corresponds to -50 (-164 . After scaling, the curves also needs to be base lined -a baseline condition occurs when the curves directly overlie each other or track each other in a fine grained non-source rock over a significant depth range. A baseline interval is an interval with approximately zero or minimum TOC (~0.8 wt. %). In this paper, the background TOC of (~0.8 wt. %) were not added to the TOC value estimated.
There are two reasons for the delta Log R separation in an organic rich reservoir/non reservoir rocks;
1. The porosity curve responds to the presence of low density, high transit time kerogen;
2. While the resistivity curve respond to the formation fluid i.e. oil or gas.
In an immature organic rich rock with no hydrocarbons generated, a separation also occurs but only from the porosity curve( Figure 5 ). A correction multiplier greater than or equal to 1 was proposed by to account for the original limitation. Core data is needed to evaluate the magnitude of the multiplier.
Log response to shale gas reservoirs
There are key signatures which needs to be observed from the well logs before implementing the Passey delta Log R method ( Table 5 ). Neutron Log Organic matter increases the apparent neutron porosity -increased hydrogen content.
Resistivity Log Organic matter is not conductive therefore resistivity increases in the presence of TOC. As maturation increases, resistivity increases rapidly (e.g. in gas).
Anomalous Delta Log R Separation

Influence of Pyrite
When Pyrite is present in the organic rich intervals, TOC is underestimated using Passey's method . This is because Pyrite is conductive and reduces the resistivity of the rock and subsequently reduces the Delta Log R term hence TOC declines .
Pyrite has a very high density approximately 5g/cm 3 and no density up to 5 g/cm 3 was observed in the intervals studied across the two wells in this paper.
Reservoir Intervals
Sandstone intervals can sometimes show a high gamma ray intensity due to the presence of feldspar or mica which can be mistaken for the presence of organic matter. However absence of high transit times (greater than 230 ) tend to suggest the absence of organic matter. In this situation, neutron-density cross plot or other log methods can be used to distinguish between organic rich or lean zones. In this paper, only organic rich shale zones were considered.
Poor Boreholes
Poor boreholes can cause cycle skipping which would result in anomalous delta log R values. When transit times exceed approximately 150 (500 ) . This transit time value is also applicable to uncompacted shales. No value exceeding 150 (500 ) was observed in this paper (A).
Low Porosity Intervals
When the porosity of the formation is less than 3-4%, the resistivity increases greatly because of the absence of electrically conducting fluid -hence delta log R separation can be very high and should not be used . According to , these low porosity intervals can easily be identified by their short transit times, around, 50-55 or 164-
180
. In this paper, no transit times were used within that range (A).
Results and Discussions
Rempstone 1
In this paper, an average TOC value of 4.2 wt. % was obtained for Rempstone 1 using Passey's delta log R method compared an average TOC value of 5 wt. % from British Geological Society (BGS) RockEval core analysis (Figure 6 ) -this represented a 0.8wt. % difference compared to the value obtained from core analysis. This variation was because the thermal maturity used in core analysis was from a shallower depth (Morridge Formation) within the Upper Bowland ( Figure 2) and was then assumed to be the same for the depth interval considered in this paper. Owing to the multiple subsidence and inversion experienced in the Bowland Hodder Shale, the linear relationship between Ro and depth does not always hold across the area hence thermal maturity could have been higher or lower. Another reason for the difference could be associated with the shallower depths (665m to 668m) from which the samples used were obtained for core analysis compared to depth interval (750m to 800m) used in this paper using Passey's method hence there could have been some maturation of organic matter which reduced the value obtained using Passey's method. The final summary of results from this paper are shown on Table 6 . For the full set of data used to obtain the data on Table 6 , please see appendix A 
Conclusion
Based on the findings observed from this paper, the following conclusions were evident;
1. The TOC values obtained for the Bowland Shale Formation through both wells were both in the range of "very good to excellent" based on the guidelines by in section 3.  The Bowland Shale Formation had a very good to excellent source rock quality based on the estimates of total organic carbon content obtained.
The average TOC obtained for the Bowland Shale Formation in the Upper
 Results from Passey's method was found comparable to core analysis estimates and was deemed suitable in estimating total organic carbon.
